Purpose: Retinal imaging is an important and effective tool for detecting retinal diseases. However, degraded images caused by the aberrations of the eye can disguise lesions, so that a diseased eye can be mistakenly diagnosed as normal. In this work, we propose a new image enhancement method to improve the quality of degraded images. Methods: A new method is used to enhance degraded-quality fundus images. In this method, the image is converted from the input RGB colour space to LAB colour space and then each normalized component is enhanced using contrastlimited adaptive histogram equalization. Human visual system (HVS)-based fundus image quality assessment, combined with diagnosis by experts, is used to evaluate the enhancement. Results: The study included 191 degraded-quality fundus photographs of 143 subjects with optic media opacity. Objective quality assessment of image enhancement (range: 0-1) indicated that our method improved colour retinal image quality from an average of 0.0773 (variance 0.0801) to an average of 0.3973 (variance 0.0756). Following enhancement, area under curves (AUC) were 0.996 for the glaucoma classifier, 0.989 for the diabetic retinopathy (DR) classifier, 0.975 for the age-related macular degeneration (AMD) classifier and 0.979 for the other retinal diseases classifier. Conclusion: The relatively simple method for enhancing degraded-quality fundus images achieves superior image enhancement, as demonstrated in a qualitative HVS-based image quality assessment. This retinal image enhancement may, therefore, be employed to assist ophthalmologists in more efficient screening of retinal diseases and the development of computer-aided diagnosis.
Introduction
Retinal imaging is an important and effective tool for screening for retinal diseases, such as DR, glaucoma and AMD (Bernardes et al. 2011) . A fundus camera is a specialized camera designed to photograph the retina through the optical system of the eye. This reliance of the eye's optical system means that aberrations of the eye can cause image quality degradation, in the form of low-contrast, uneven illumination and blur (Liang & Williams 1997) . Common aberrations are caused by optical defects in the refractive media, such as corneal opacity, cataract, vitreous haze and macular oedema (Kok et al. 2009 ). Therefore, no matter how well controlled the parameters of the fundus camera, it may not always be possible to obtain adequate image quality. In 2005, in a DR screening programme involving 5575 patients, 11.9% of images were found to be of insufficient quality (Philip et al. 2005) . In another study, investigators found that 5.45% of 33 535 patients who underwent fundus photography had a distorted image for at least one eye (Fleming et al. 2010 ). Degraded-quality images can disguise lesions and cause diseased eyes to be mistakenly diagnosed as normal.
The use of image enhancement techniques is motivated by the possible presence of many features on the fundus, including the optic disc and various types of lesion, whose visibility needs to be maximized. The ability to identify retinal anatomical structures and lesions in degraded-quality images can be aided by increasing the contrast. Contrast is defined as the luminance difference between the regions of interest and other regions in the same field of view (Koschmieder & Muller 2007) . Zuiderveld (1994) first proposed a block-based processing method, called contrast-limited adaptive histogram equalization (CLAHE), to enhance the contrast of the images. Later, contrast enhancement algorithms are popular in fields where image contrast is typically low and better contrast improves diagnosis (Pisano et al. 2000; Miles et al. 2012) .
Several computational techniques have been developed to enhance luminosity and contrast levels in fundus images. Standard techniques try to normalize image luminosity using high-pass filtering (Gonzalez & Woods 2002) . Degradation of fundus images caused by cataracts has been described as low-pass filtering (Peli & Schwartz 1987) . A homomorphic Weiner filter has been used to restore cataractous images with short-space enhancement that uses averaged short-space estimates of the spectral differences between the two images (Peli & Peli 1989) . More complex filtering schemes have been proposed which account for the large luminosity and contrast variations within fundus images by estimating luminosity and contrast variability in the background and using this to compensate for the variations over the whole image (Foracchia et al. 2005) .
Other methods have been used for retinal image enhancement (Patton et al. 2006; Abramoff et al. 2010) , such as the histogram equalization,filtering methods in transformation fields (Patton et al. 2006 ) and multichannel blind deconvolution (Marrugo et al. 2011) . However, one of the major challenges faced by image enhancement methods is how to avoid enhancing noise, which can produce overshoot artefacts in colour and at edges (Chang et al. 2015) . In Chen's research, noise magnification and artefacts resulting from overenhancement by the Laplacian filtering can be clearly observed (Chen et al. 2016) . Dai et al. (2016) processed retinal fundus images using a normalized convolution algorithm with a domain transform and two-stage denoising including the fourth-order partial differential equations and the relaxed median filter. In recent years, other solutions have been presented that rely on new enhancement or restoration techniques (Jerman et al. 2016) . In the past decade, various wave-front technologies, such as adaptive optics and deconvolution from wave-front sensing, have allowed the retina to be imaged with unprecedented spatial resolution (Iglesias & Artal 2000) . A multichannel blind deconvolution method has been presented for restoring retinal images that are blurred due to structural changes within the images (Marrugo et al. 2011) . In addition, the Retinex-based image inhomogeneity correction technique has been used to enhance the relatively low-contrast levels of thin retinal vessels (Zhao et al. 2015) . In the literature, it is demonstrated that a simple computer-aided diagnosis approach based on image enhancement was a potentially useful image biomarker to enhance the detection of angiogenesis associated with malignancy (Yang et al. 2014) . Moreover, it is assumed that computer-aided diagnosis is doing more than fundus image enhancement, especially in the era of artificial intelligence.
In this work, we propose a relatively simple method for enhancing degraded-quality fundus images based on CLAHE. We evaluate the improvements using a HVS-based fundus image quality assessment, combined with diagnosis by experts. Furthermore, we perform an observer study to evaluate the effectiveness of the enhancement in aiding ophthalmologists in the clinical review of retinal images.
Patients and Methods

Subjects and fundus photographs
The Medical Ethic Committee of the Second Affiliated Hospital, Zhejiang University School of Medicine, approved this study, and it was compliant with Declaration of Helsinki. All participants signed an informed consent form prior to participation in the study.
Five hundred and seventy-three patients (age range: 4-83 years) who visited the Eye Center at the Second Affiliated Hospital of Zhejiang University, during a period of 3 months from February to April 2016, were recruited to undergo photography by a tabletop TRC-NW8 fundus camera at 50°(TopCon Medical Systems, Tokyo, Japan). Photographs were taken by two doctors working in the ophthalmological unit and had resolutions of 2144 9 1424 pixels. Pupil dilation was achieved with topical 1.0% tropicamide. Subjects were excluded from the study if they had a medical condition that prevented dilation or had overt media opacity.
Automatic fundus image quality assessment
We used an automatic fundus image quality assessment scheme for assessing the quality of retinal images (Wang et al. 2016) . This scheme used characteristics of the HVS to make a general quality assessment based on three parameters: multichannel sensation, just-noticeable blur and the contrast sensitivity function. These are used to measure illumination and colour distortion, blur and low-contrast distortion, respectively.
Rather than regarding the quality assessment of retinal images as a classification problem and solving it using support vector machines (SVM), we used it to identify degraded retinal images that may benefit from enhancement. The retinal images, whose quality scores are below 0.1, are identified as degraded images caused by optic media opacity.
Enhancement processing
Our aim was to enhance degradedquality fundus images while preserving their naturalness. We begin this process by inputting the original image and converting it from RGB into the XYZ colour space using a colour space transformation matrix: We then transformed into the LAB colour space using where X n , Y n and Z n are equal to 255, which corresponds to white according to the International commission on illumination (CIE). L, A and B, the three components of LAB colour space, were normalized to L 0 , A 0 , B 0 , respectively, using
where L min , A min , B min are the minimum values of the three components and L max , A max , B max are the maximums. These three normalized components were processed with CLAHE to obtain three components L 0 P ; A 0 P ; B 0 P . These were then un-normalized to L P , A P , B P before conversion back into RGB colour space for output (see Figs 1 and 2 ).
All the operations were implemented in seconds using MATLAB R2013b on a PC with Intel i5 processor at 2.30 GHz and 8 GB RAM.
Clinical diagnosis
One senior retina expert (doctor 1) and two junior residents (doctors 2 and 3) independently viewed all original and enhanced images using a 0.275 mm per pixel LED monitor at a viewing distance of about 30 cm. For each image, they indicated whether any of the following pathologies were present: DR, AMD, glaucoma and other retinal diseases.
To assess the effect of the image enhancement on the performance of ophthalmologists with different levels of experience, we calculated performance measures separately for the senior expert and each of the two junior residents. Clinical diagnoses were made by another two senior retina experts (doctors 4 and 5) based on the fundus images in conjunction with other clinical records, such as medical history, and the results of optical coherence topography and fundus fluorescein angiography. And a third experienced retina doctor (doctor 6) was consulted in the case of disagreement. Doctors 1, 2 and 3 were blind and had no access to the clinical records. The significances of the performance differences between expert and the residents were evaluated using Chi-squared tests.
Results
Screening for degraded images
The HVS-based fundus image quality assessment system was used to identify degraded-quality fundus photographs that needed further enhancement. From 995 images of 573 patients, the system identified 191 images from 143 patients with optic media opacity.
Enhanced images and histograms
We enhanced degraded retinal images using the algorithm described above. Figure 3C and G are typical examples of enhanced retinal images (the corresponding original images are shown in Fig. 3A and E) . Figure 4 shows the histograms corresponding to the marked region of interests in Fig. 3 . Figure 3A and E have low grey values and narrow dynamic ranges in the R, G and B channels, but especially in the B channel. The image details shown in Fig. 3C and G show significant enhancements in the clarity and sharpness of retinal structures. These can also be seen in Fig. 3D and H, in which small haemorrhages and exudations are much more easily discernible. After enhancement, the grey values in all channels (shown in Fig. 4B and D) increase and the dynamic range is also extended, indicating better illuminance and contrast.
Quality assessment of the enhanced retinal images
To quantitatively compare the qualities of the original and enhanced retinal images, the images were evaluated using the HVS-based fundus image quality assessment system. The resulting scores are shown in Fig. 5A , along with a corresponding box plot in Fig. 5B that shows the average scores and variances. Our method improved colour retinal image quality from an average of 0.0773 (variance 0.0801) up to an average of 0.3973 (variance 0.0756). The improvement in score indicates that our method can significantly enhance image quality through improving image contrast and better resolving the characteristics of retinal structures.
Diagnosis and interdoctor variability
We calculated statistics for five conditions: DR, AMD, glaucoma, normal and other retinal diseases (see Table 1 ). Diagnoses of DR, AMD and glaucoma were more frequent in the enhanced images relative to the original images. The numbers of images diagnosed as normal or other retinal diseases decreased. The level of agreement between the doctors was calculated using the Chi-squared test statistic (see Table 2 ). With the original images, interobserver between the doctors was moderate (j = 0.553-0.657). After enhancement, interobserver agreement increased, varying from moderate to substantial (j = 0.711-0.849).
ROC analysis
Receiver operation characteristic (ROC) curves are shown in Fig. 6 and illustrate the relationship between image enhancement and ophthalmologist diagnosis performance. For each retinal disease, we can use these plots to derive the sensitivity, specificity and AUC. To assess the statistical sensitivity, we plotted each ROC curve 1000 times. We observed higher AUCs for enhanced images compared to original images in all conditions. After enhancement, AUC was 0.996 for the glaucoma classifier, 0.989 for the DR classifier, 0.975 for the AMD classifier, 0.979 for other retinal diseases classifier and 0.976 for the normal classifier. Agurto's computer-aided algorithm was applied to images with signs of DR and AMD and achieved AUC values of 0.89 and 0.84, respectively (Agurto et al. 2011 ). Grinsven's automatic risk assessment achieved similar performance to human observers with AUC values of 0.948 and 0.954 (van Grinsven et al. 2013 ).
Discussion
In this study, we proposed a relatively simple method for enhancing degradedquality fundus images based on the CLAHE. Our system is able to screen for and enhance retinal images that have been degraded due to conditions such as corneal opacity, cataract or vitreous haze. The proposed enhancement procedure significantly improves luminosity uniformity and contrast (see Figs 3 and 4) , in a way that helps doctors better observe retinal structures. The enhanced retinal images were evaluated quantitatively by HVS-based fundus image quality assessment system using a data set considerably larger than those used in previous publications (Foracchia et al. 2005; Marrugo et al. 2014) . Many retinal image enhancement methods have been proposed in the literatures, solving different problems (e.g. illumination compensation, blur, low-contrast.), and have been quantitatively assessed in terms of detection of retinal features, like blood vessel segmentation or DR detection (Feng et al. 2007; Sanchez et al. 2009; Setiawan et al. 2013) . To the authors' knowledge, the comparison of human grading and retinal lesion detection preand post enhancement has not been studied extensively before.
After enhancement, diagnosis of normal and other retinal diseases decreased, and diagnosis of DR, AMD and glaucoma increased. Furthermore, interobserver agreement for the diagnosis between three doctors (doctor 1, 2 and 3) improved, varying from moderate to substantial. Doctor 1, which is the retina expert, has a great DR diagnosis difference with original and enhanced images, while the junior doctors appear to have less variability. We infer that doctor 1 made a DR diagnosis very carefully and preferred to diagnose other retina diseases when they were not sure from the original fundus images. These results indicate that image enhancement can strengthen the confidence of doctors in their diagnosis and may help them make more accurate diagnosis. The ROC curves in Fig. 6 show that enhanced images for all classes of retinal disease have higher AUCs than the original images.
This study had several limitations. First, the number of retinal images used in this study was not large and, second, the current database was limited to five disease categories. This has the potential introduce bias and work is underway to better train the enhancement system by collecting similar numbers of images for more types of condition. This will help to fully assess the effectiveness of the system, especially in identifying specific retinal diseases, and to investigate whether ophthalmologist performance is affected by the presence of additional classes.
In conclusion, this work describes a method for enhancing degraded-quality fundus images based on CLAHE. This method is not only able to enhance important anatomical structures of the retina, but also help the doctors see the lesions clearly. Although different methods have been used for retinal image enhancement over recent years, few studies have evaluated the effect of the image enhancement quantitatively and compared human grading and retinal lesion detection pre-and post enhancement. The computer-aided diagnosis system based on enhancement of degraded fundus photographs will greatly assist ophthalmologists in disease diagnosis through retinal image analysis, and thereby to prevent visual loss and blindness from devastating diseases. With the new challenges faced by clinical services in the 21st century, automated detection tools of retinal diseases are mandatory -this work is a step towards that direction. 
